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INTRODUCTION 
ZnO nanoparticles (ZnO NPs) are being applied in agricultural formulations, taking advantage of their properties as UV blockers or as fertilizers. It is expected that their application will increase in the future. Despite of the 
advantages of the use of NPs their release to the environment could impair the different soil living organisms. Therefore, much attention is being paid to the potential risks arising from the use of these materials in agriculture. 
NPs may interact with the environmental matrices and so their bioavailability and toxicity could be modified. Experiments performed with natural soils are important for the study of NPs toxicity because these more realistically 
reflect environmental conditions on the availability and hence their effects. However, studies of toxicity of NPs in natural soils are scarce since most of them have been carried out in artificial soils. In this study, the toxicity of 
ZnO NPs to the earthworm Eisenia andrei was assessed and compared to bulk ZnO in two agricultural soils with different pH. 
MATERIALS AND METHODS 
SOIL: An acidic (pH 5.4) and a calcareous soil (pH 8.5) were collected from the top soil layer (0 - 20 cm 
excluding the vegetal cover) of two agricultural fields located in Madrid (Spain). The soils were air-dried and 
sieved (< 2 mm mesh). Main physicochemical characteristics of the soils used are described in Table 1. 
CHEMICALS: ZnO NPs (advertised particle size <100 nm 
diameter; rp < 50 nm) and the ZnO bulk form were 
obtained from Sigma-Aldrich (Germany). 
EARTHWORMS: Eisenia andrei (Oligochaeta:Lumbricidae) 
were obtained from our own laboratory cultures. Experimental design Cocoons and hatching 
EXPERIMENTAL DESIGN: Soils were spiked with ZnO NPs or ZnO bulk at different concentrations (20, 250, 500 
and 1000 mg Zn kg-1 DW). Non-treated soils were used as controls. In every test unit 10 adult earthworms 
(250 - 450 mg/indiv.) were placed. 
Lethal and reproduction effects on E. andrei were determined following OECD 222 test. After 28 days of Zn 
exposure, the adults were removed from the test units, purged for 24 h and weighed. Cocoons from the same 
unit were isolated, recorded and placed in a moistened petri dish to hatch for six weeks. Fecundity (number 
of cocoons/adult) and fertility (number of offspring/cocoon) were determined. 
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Fig. 1. Available Zn in soil (in bars) and Zn body concentration (in 
lines) after 28-days of Zn exposure in calcareous (A) and acidic 
(B) soil. 
All values are mean ± SD (n = 3). Different capital letters indicate 
significant statistical differences in body Zn levels (LSD test, p < 
0.05). Different lowercase letters indicate significant differences 
in available Zn levels (LSD test, p < 0.05). 
RESULTS 
• Available Zn in soil increased in doses-dependent 
manner. There were significant differences in 
available Zn at concentrations upper than 250 
mg kg-1 compared to control soil. 
• Zn addition increased Zn body concentration 
independently on Zn chemical species at doses 
higher than 500 and 1000 mg kg-1 in calcareous 
and acidic soil, respectively. 
CHEMICAL ANALYSIS: 
Method Zn analyses 
Total Zn in soil Acid digestion - ^ HNO 3 :HF:double-deionized water (1:1:1) Atomic absorption 
Available Zn in soil CaCl2 extraction spectrometry (Analyst 
Zn in body worm Acid digestion - ^ HNO3:HCl:double deionized water (1:1:1) 0; er in mer) 
BIOCHEMICAL ASSAYS: Three earthworms from each 
replicate were homogenized in a phosphate buffer 80 
mM pH 7.4 (1:4 w/v). Lipid peroxidation was 
determined by measuring the level of 
malondialdehyde (MDA) as described by Santos et al. 
(2011). Catalase activity (CAT) according to Claiborne 
(1985). Glutathione-S-transferase activity (GST) 
following Habig et al. (1974). Acetylcholinesterase 
activity (AChE) according to Ellman et al. (1961). Total 
protein content was determined by Bradford’s 
method (Bradford 1976). 
COELOMOCYTES ASSAYS: Coelomocytes were 
extracted as described by Eyambe et al. (1991). 
Lysosomal membrane stability of cells was 
determined by the neutral red retention assay (NR) 
(Vevers and Jha, 2008). Mitochondrial function was 
evaluated in a MTT assay (Mosmann 1983). The 
generation of reactive oxygen species (ROS) was 
measured using the method of Wang and Joseph 
(1999). Micronucleus assay was used to evaluate the 
genotoxicity. 
Table 1. Main physicochemical characteristics and 
chemical concentrations in the acidic and 
calcareous soils. 
Texture (USDA) 
Sand (%) 
Silt (%) 
Clay (%) 
pHw (1:2.5 w:v) 
Organic tter (%) 
nate (%) 
nate ( % ) l 
E.C. ( TS/cm) (1:5 w:v) 
le P (mg/kg) 
tion (%) 
.E.C (mmo100 g) 
hl N ( % ) M 
l Fe (mg/kg)M 
l Cu (mg/kg) H 
Mn (mg/kg)B 
l Zn (mg/kg) H 
Silt loam 
25 
57 
18 
5.39 
1.69 
nd 
nd 
66.9 
10.7 
54.7 
11.4 
0.091 
13.3 
14515 
9.6 
518.0 
40 .1 
nd: non detected 
1 Calcareous soil 
1 Silty clay loam 
17.5 
43.5 
39 
8.46 
1.13 
10.6 
2.4 
125.9 
16.05 
100 
22.1 
0.090 
10.9 
14604 
24.5 
161.8 
61.8 
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Fig. 2. Weight of E. andrei after 28-days of Zn exposure. 
All values are mean ± SD (n = 3). Different letters indicate significant differences between 
treatments and control (LSD test, p < 0.05). 
• Lethal effects were observed in earthworms exposed to 1000 mg kg-1 in the acidic 
soil treated with ZnO NPs. 
• No effects in body weight were observed in the calcareous soil. 
• • In the acidic soil ZnO NPs decreased body weight in earthworm with the increase of 
Zn concentration, meanwhile worms in ZnO bulk treatments were only affected at 
1000 mg kg1 . 
Zn led to a decrease of fecundity and fertility in the acidic soil at 
concentrations higher than 250 and 500 mg kg-1 respectively. 
Fig. 3. Effects on reproduction of E. andrei after 28-days Zn exposure: (A) Fecundity (B) Fertility. 
All values are mean ± SD (n = 3). * indicate significant differences between treatments and control (LSD test, p < 0.05). 
note: ZnO NPs data of reproduction in the acidic soil assay are no available. 
• There were no effects on 
the enzymatic activities. 
• In coelomocytes assays, 
ROS level increased at 
1000 mg kg-1 indepen-
dently on soil pH and Zn 
chemical species. 
Table 2. Effects on MDA levels, enzymatic activities (GST, CAT and AChE) and coelomocytes 
assays (NR, MTT and micronuleus test) in E. andrei after 28-days of Zn exposure. 
Enzymatic activity Coelomocytes assays 
R Micronucleus 
* At 500 mg Zn kg-1 soil significantly increased (28 ± 5 %) MDA level compared to control. 
ne: no significant effect. 
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Fig. 4. Effects of ZnO NPs and ZnO bulk on ROS levels in coelomocytes of E. andrei after 28-days of 
Zn exposure in calcareous (A) and acidic (B) soil. 
All values are mean ± SD (n = 3). Different letters indicate significant differences between treatments 
and control (LSD test, p < 0.05). 
CONCLUSIONS 
•S Availability of Zn in soil is much higher in the acidic than in the calcareous soil (e.g. nearly 500-fold higher, for 1000 mg 
kg-1 treatments). However, there are no differences in Zn accumulation in E. andrei depending on soil pH or chemical Zn 
species probably due to E. andrei is able to regulate Zn accumulation. 
•S Differences in toxicity between both Zn chemical species are not observed in the calcareous soil. However, ZnO NPs 
cause higher effects on mortality and body weight loss than the bulk counterparts in the acidic soil. This suggests that 
ZnO NPs toxicity in the acidic soil could be not only due to the Zn ion released, but also particle specific. 
•S Soil pH is a key factor of ZnO NPs toxicity to E. andrei because most of the toxic effects (mortality, weight loss, fecundity 
and fertility) are only observed in the acidic soil. However, increase of ROS generation is observed in both soils. 
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